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20 06

ABSTRACT
Functionalized Polyolefin graft Copolymers via Transition Metal-Catalyzed
C -H Activation and Controlled Radical Polymerizations
by
Hoyong Chung
Dr. Chulsung Bae, Examination Committee Chair
Assistant Professor o f Chemistry
University o f Nevada, Las Vegas
Polyolefin is the most widely used commercial polymer in the world. Currently,
approximately 60% o f total volume o f polymer production is based on polyolefin
materials because o f their good mechanical, chemical properties, as well as low
production cost. However, poor compatibility with polar materials (metals, ceramics, and
polar polymers) remains a problem that limits further application o f this indispensable
material. Introduction o f the polar group into the polyolefin has been suggested as the
best way to overcome this drawback. However, the inherent inertness o f polyolefin has
made the introducing polar group difficult. Although free radical modification of
commercial polyolefin, copolymerization with protected polar vinyl monomer and
subsequent deprotection, and copolymerization using oxophilic late transition metal have
been adopted to introduce polar groups on polyolefins, these methods still displayed
serious shortcomings in terms o f controlling polymer structures, molecular weights, and
concentrations o f polar groups.
We report a novel approach that allows us to introduce polar groups into a

111
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commercial polyolefin, isotactic poly(l-butene), while maintaining original properties of
the polymer: regioselective rhodium catalyzed C -H borylation o f side chains o f poly(lbutene) and the subsequent oxidation o f the boronic ester to hydroxyl group. The
molecular weight data obtained from both borylated and hydroxylate polymers showed
negligible change in the number average molecular weight and polydispersity index
compared to those o f the starting material. The concentration o f hydroxy groups in the
functionalized poly(l-butene) was controllable by changing the ratio o f boron reagent to
the monomer repeat unit. The hydroxy groups on the functionalized side chains o f
poly(l-butene) were used as a initiation site for grafting o f polar monomers via atom
transfer radical polymerization (ATRP), a convenient living free radical polymerization
process. Two polar monomers, methyl methacrylate and t-butyl acrylate, were graftpolymerized into nonpolar isotactic poly(l-butene). The graft copolymers o f different
lengths o f polar blocks were prepared by varying the reaction conditions such as reaction
time and concentration o f macroinitiator. Moreover, poly(l-butene)-grq/f-poly(t-butyl
acrylate) was further hydrolyzed to produce poly(l-butene)-gra/t-poly(acrylic acid).
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CHAPTER 1

INTRODUCTION
1.1

Regioselective Functionalization o f Polyolefin

Polyolefin constitutes the largest volume o f polymer production worldwide. Linear
low density polyethylene (LDPE), higher density polyethylene (HDPE), linear lowdensity polyethylene (LLDPE), and isotactic polypropylene (iPP) are the most common
classes o f polyolefin. These saturated hydrocarbon based polymers, except for LDPE, are
produced by stereospecific polymerization o f an a-olefin using transition metal catalysts
such as Ziegler-Natta and metallocene catalyst. Nearly 65 % o f all polymeric material
products are derived from polyolefins \ Moreover, the consumption and demand of
polyolefin are gradually increasing every year, because it provides excellent mechanical
properties and chemical stabilities at a low cost. In spite o f polyolefin’s large volume and
favorable properties, the saturated polymer still has limited applications when surface (or
interface) interaction with other materials (e.g. metal, ceramic, glass and other polar
polymers) is highly desirable due to low surface energy.^'^'^'^ Thus, these polyolefins
have limited use in polymer blends. For example, although iPP is an excellent
thermoplastic and widely used in a variety o f areas including automotive and appliance
components, the lack o f polar fimctional group within the material has restricted its use in
applications that require adhesion and compatibility with more polar materials.

1
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It is generally accepted that when two immiscible polymers are to be blended, the
addition o f small amounts o f block or graft copolymers consisting o f the two
homopolymer’s segments improve compatibility and prevent macrophase separation.^’^’*
Therefore, the synthesis o f functionalized polyolefin in which polyolefin has polar groups
either on the side chain or at the chain end has been a topic o f current interest in academia
and industry.^’®’®’*'^’^^’^^’^^’^'*’'® Free radical copolymerization o f ethylene with polar vinyl
monomers is a well-known process,*^ but this reaction requires extreme conditions, such
as high pressures and high temperatures, and produces nearly random copolymers
without any control o f stereochemistry. In addition, these copolymers, like LDPE, are
highly branched and have relatively broad molecular weight distributions that are difficult
to control. Although the synthesis o f stereoregular polyolefms with transition metal
catalysts has experienced remarkable progress over the past few decades,'^ *’ '* the
sensitivity o f most transition metal polymerization catalysts to heteroatoms o f polar vinyl
monomers has constrained the development o f controlled copolymerization o f olefins
with polar monomers.*^
Several copolymerization approaches have been followed to generate functionalized
polyolefms. In one approach, direct copolymerization of a -o le fin monomers with
modified polar vinyl comonomers using early transition metal catalyst have been reported.
Examples o f direct copolymerization are copolymerization o f a -o le fin with a vinyl
monomer containing a pendant functional group such as a borane,'^(Scheme 1 (a)) or
alcohol.

(Scheme I (b) and (c)) In the case o f borane modified monomers,

incorporation o f pendant functionality lead to polyolefin with non-uniform distributions
of the functional groups because o f the different reactivities o f the monomers.
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Hydroxyl

functionalized comonomer resulted in significantly lower molecular weight and polymer
yield because o f catalyst deactivation during polymerization?®’^’ To circumvent catalyst
poisoning in early metal catalyst, copolymerization with a protected comonomer has also
been reported*’^^(Scheme 1 (d)) A second approach is polymerization o f a-polyolefms in
the presence o f a chain transfer agent such as a borane (Scheme 2 (a)),^ silane (Scheme
2 (b)),^'’ allylbenzene (Scheme 2 (c)),^^ vinyl chloride (Scheme 2 (d)),^® or thiophene
(Scheme 2 (e))?^ This approach to provide terminal fimctionality cannot generate
substantial amounts o f functionality in a bulk sample. Another drawback is it requires an
additional separation procedure to remove any unfunctionalized homopolymer from the
block copolymer. Because o f inefficient chain transfer efficiency, the end-functionalized
polymer always contains some (typically 1 0 - 4 0 %) unfunctionalized polymer chains,
which cannot grow to graft copolymers.
A third approach has been the copolymerization o f olefins with polar monomers in
the presence o f late transition metal or rare earth metal catalysts that are less oxophilic
than early transition metal catalysts, which is shown in Scheme 3 (a) However, the late transition metal catalysts have been mildly active for polymerization of
monomers that contain polar functionality near the olefin unit,^^’®®’^’ and the molecular
weight o f the resulting copolymer decreases as the ratio of polar monomer increases.^^
Furthermore, functionalized polyolefins fi'om the late transition metal catalysts possess
microstructures that are distinct from those o f common crystalline polyethylenes and
polypropylenes.^*’^’

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Scheme 1. Copolymerization with olefins containing pendant functional group
(a) Vinyl monomer containing borane
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(c) Vinyl monomer containing alcohol

Methyialuminoxane

OH

OH

\

Methylaluminoxane

OH
OH

(d) Copolymcrization with protected monomer

[Cp*2ZrMefB-(C6F5)4
or

[Cp*2ZrMe]^CH3B-(C6F5)3

HOI

O
SIMe3
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OH

Scheme 2. Copolymerization with olefins in the presence of a chain transfer agent
(a) Borane chain transfer agent

</
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(b) Silane chain transfer agent
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(c) Allylbenzene chain transfer agent

Cp2ZrCl2 /
M ethylalum inoxane
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M ethylalum inoxane
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OH
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(d) Vinyl chloride chain transfer agent
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(e) Thiophene chain transfer agent
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^

V
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n C H 2=C H 2
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Scheme 3. Copolymerization of olefins in the presence of less late metal/rare earth
metal catalysts
(a) Pd Catalyst
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(c) Ni catalyst
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(e) Rare earth metal catalyst

(5
(C 5 M es)2 S m —^ C H g — C H 2—

Me

Me

► (C 5M e5)2S m — 0 — (jî— C -C H 2"^(j^“ C H 2 -^ C H 2 — C H 2-j-R

OMe

COOMe

R = H, Me

As an alternative approach, the polar functionality could be installed by chemical
modification after polymerization o f the a-oleftn/^ A selective functionalization of
commodity polyolefms would bypass the challenge o f developing highly active
polymerization catalysts that both tolerate and incorporate functionalized comonomers.
Because o f the low reactivity o f polyolefins, however, this approach to preparation o f
functionalized polyolefms has been difficult and has relied upon generation o f a highly
reactive carbon free radical.^"^ For example, a modification o f polypropylene has been
conducted by grafting a chain of polar monomers, such as maleic anhydride, onto the
polymer backbone with organic peroxide as a radical initiator (Scheme 4 (a) - (c)).^^’^^’^^
The reactive free radical from the initiator abstracts the methine hydrogen from the
polypropylene backbone to generate a tertiary radical that adds to the double bond o f
maleic anhydride. Because o f the multiple pathways available for an alkyl radical, the
grafting process is accompanied by side reactions, such as

p-scission, chain transfer,

and coupling reactions, which alter the length o f the polymer chain and properties o f the
materials.

Thus, these side reactions compromise the favorable properties o f the

starting polyolefin. Functionalized polyolefms prepared by direct modification o f
commodity polymers without changes to the molecular weight and architecture are rare.^®

10
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Scheme 4. Modification of polypropylene with free radical modification method
(a) Free radical modification
__

Hydrogen
abstraction

YY'^t^YTTW
YYTYY
Recombination
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(b) Free radical modification
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(c) Free radical modification
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Recently, transition metal-catalyzed controlled functionalization o f polyolefins has
been reported.^^’^^’'^®’'^* Notably, rhodium-catalyzed borylation o f polyolefms showed
different selectivity when C -H bonds in the polymer were converted to C -B bonds.
While free radical modification o f polyolefin follows selectivity in the order o f bond
dissociation energy o f C -H bonds, tertiary C -H > secondary C -H > primary C -H , the
rhodium catalyzed borylation occurred only at primary C -H bonds for steric reasons'*^ in
the catalysis. Since the organoboron compound is a versatile synthetic precursor in
organic chemistry, o f the boron functionality in the polyolefms, in principle, could be
transformed to many different functional groups. For example, oxidation o f boronfunctionalized polymer will selectively convert primary C -H bond’s carbon, located at
the end o f polyolefin main chain or side chain, to -C H 2 OH groups. Although these
transition-metal catalyzed modification methods offered a new pathway to install polar
functional groups in polyolefins, they were tested on amorphous polyolefms®’^ or
generated only low a concentration o f polar functionality for high-molecular-weight
crystalline

polymers.Thus,

we

initiated

the

regiospecific

C -H

bond

functionalization o f commercial high-molecular-weight crystalline polyolefins, isotactic
poly(l-butene)s (PB-1 and PB-2 o f Scheme 1), and herein report the study on the degree
of polar functional groups as a function o f reaction conditions and polym er’s structural
parameters. Furthermore, we demonstrate that the incorporated polar functionality along
the polyolefin side chain can serve as a valuable macroinitiator for preparing graft
copolymers o f isotactic poly(l-butene).

14
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1.2 Controlled Radical Polymerization
In order to graft polar monomer from the macroinitiator, several different controlled
(or living) polymerization methods have been considered. Because controlled radical
polymerization (CRP) offers the advantage o f well-defined structure and controllable
molecular weight, which is represented by the narrow polydispersity index (PDI) o f the
polymer, CRP has been widely used to prepare block and graft copolymers.'*'*’'*^ Some
representative examples of CRP for synthesis o f polyolefin block and graft copolymers
are shown in Scheme

5

^4,46.47.4:

CRP methods, we focused on well-established

and relatively convenient techniques: atom transfer radical polymerization (ATRP), for
graft copolymerization from the macroinitiator. The active radical site o f ATRP on a
growing chain is maintained at low concentration, thus it does not cause side reactions
such as coupling between growing radical chains during polymerization.
Overall, the regiospecific functionalization o f commercially available isotactic
poly(l-butene)

and

subsequent

graft

polymerization

from

the

functionalized

macroinitiator by ATRP are investigated in this project. For the selective functionalization
of C -H bonds o f crystalline polyolefin, isotactic poly(l-butene)s o f two different
molecular weights (PB-1 and PB-2 in Scheme 6) were used to generate different
concentrations o f boron-functionalized poly(l-butene)s (PB-l-Bpin and PB-2-Bpin in
Scheme

6

) in the presence o f (Cp*RhCl2 )2 or Cp*Rh(C6 Me 6 ) catalyst. The borylated

polymers were subsequently oxidized to produce hydroxyl groups at the end o f side
chains o f the polymer, which can be used further for the grafting o f polar monomers, such
as methyl methacrylate (MMA), tert-Butyl acrylate (tBA) on to the polyolefin backbone
via ATRP.
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Scheme 5. CRP for synthesis of polyolefin copolymers
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Scheme 6. Regioselective functionalization of isotactic poly(l-butene)s
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CHAPTER 2

EXPERIMENTAL
2.1

Materials and Instruments

Isotactic poly(l-butene)s o f two different molecular weights (PB-1: M„ = 110,000
g/mol, PDI = 1 . 8 and PB-2: M„ = 285,000 g/mol , PDI ~ 2.0), 30% hydrogen peroxide,
sodium hydroxide, tetrahydrofuran (THF), trifluoroacetic acid, triethylamine, 2bromoisibutyryl bromide and dNbpy (4,4'-dinonyl-2,2'-bipyridine) purchased from
commercial vendors (Aldrich, Alfa Aesar, and Arco) and were used without further
purification. Bis(pinacolato)diboron (B 2pin 2 ) was obtained from Frontier Scientific Co.
and used after recrystallization from hexane. (Cp*RhCl2 )2 ^^ and Cp*Rh(C6 Mc 6)^^ were
synthesized and Cu(I)Cl was purified according to literature m e t h o d s . M M A and tBA
were washed with 5% NaOH solution (30 mL x 3) to remove inhibitors, dried using
calcium hydride, distilled under reduced pressure, and stored in the freezer o f a glove box.
Cyclooctane, toluene, and o-xylene were dried using sodium and benzophenone, distilled
under reduced pressure, and stored in the glove box. Dichloromethane was distilled over
calcium hydride.
*H NMR spectra were obtained using a 400 MHz Varian NM R spectrophotometer at
room temperature and chemical shifts were referenced to TMS. *^C NM R spectra were
recorded at 100 MHz at room temperature and chemical shifts were referenced to TMS.
All polymer NMR samples were prepared with by occasionally applying gentle heating to
17

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

dissolve polymers in CDCI3 , otherwise specified. The PB-g-PAA sample for *H and
NMR spectra was prepared with THF-dg. Typically polymer samples for

NMR spectra

were prepared at a concentration o f 10 mg/1 mL. OH mol % o f hydroxylated side group
of poly(l-butene) was determined from the integration ratios o f resonances at Ô = 3.6 and
Ô = 0.8 of *H NMR spectrum.
Gel permeation chromatography (GPC) analysis for molecular weight measurement
o f polymers was conducted using a VISCOTEK GPC max chromatograph, which is
equipped with three visco-GEL I Series columns at 40 °C with a multi-detector. THF was
the mobile phase and the flow rate was set at 1.0 mL/min. The GPC instrument was
calibrated using polystyrene standards. IR spectra were recorded on a Nicolet 210 Fourier
Transform spectrometer. Differential scanning calorimetry data o f polymers were
obtained using NETZSCH STA 449 Jupiter. The temperature was increased at the rate of
10 °C /min.

2.2 Synthesis o f [Cp^RhClz]:
Rhodium ( E ) chloride hydrate (40% Rh, 500 mg, 1.94 mmol) and absolute methanol
(15 mL) were placed in a round bottom flask fitted with a reflux condenser under
nitrogen. 1,2,3,4,5-Pentamethylcyclopentadiene (317 mg, 2.33 mmol) was added using a
syringe under a nitrogen flow. The mixture was gently refluxed for 20 hours. The reaction
mixture was allowed to cool to room temperature, and the dark brown precipitate was
filtered on filter paper. The collected reddish brown solid was washed with diethyl ether
(2 mL X 3 ) and dried in vacu. Yield (470 mg, 0.761 mmol): 78 %. *H NMR (400 MHz,
CDCI3) 6=1.6 5 (s, -CH3 ); "C NMR (100 MHz, CDCI3) 6 = 9.7 (s, -CH 3 ), 94.4 (d, Caromatic)-
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2.3

Synthesis o f [Cp*Rh(C 6 Me 6 )](PF 6 )2

[Cp*RhCl2 ]2 (603 mg, 0.98 mmol) and hexamethylbenzene (698 mg, 4.3 mmol) were
combined with trifluoroacetic acid (15 mL) in a nitrogen filled round bottom flask fitted
with a reflux condenser. The mixture was refluxed for 14 hours. Trifluoroacetic acid was
evaporated using a rotary evaporator. Addition o f water (30 mL) produced an off-white
precipitate that was filtered and washed with water (10 mL x 3). The filtrate solution was
concentrated to ~20 ml using a rotary evaporator. The addition o f ammonium
hexafluorophosphate (1059 mg, 6.5 mmol) to the filtrate solution immediate caused the
formation o f an off-white precipitate that was filtered and washed with water (5 mL x 3)
and diethyl ether (5 mL x 3). The solid was dried at 100 °C in vacuo for lOh. Yield (990
mg, 1.43 mmol): 73 %. The Product was consumed to synthesize the final product,
Cp*Rh(C6Mc6), without further analysis.

2.4 Synthesis o f Cp*Rh(C6Me6)
[Cp*Rh(C 6Me 6 )](PF 6 )2 (990 mg, 1.43 mmol) and hexane (40 mL) were placed in a
schlenk flask in a nitrogen filled glove box. Cobaltocene (487 mg, 2.58 mmol) was added
to the flask in the glove box, and the reaction mixture was stirred at room temperature for
14 hours while a yellow precipitate was formed. The solution was filtered through a short
pack o f celite inside the glove box, and the filtrate was evaporated under reduced
pressure. The reddish-brown solid was dried at 60 °C in vacuo. Yield (405 mg, 1.0
mmol): 70 %. 'H NM R (400 MHz, CeDg) 8 = 1.27 (s, -CHg, 6H), 1.41 (s, -C H 3 , 6 H),
1.64 (s, -C H 3 , 15H), 2.05 (s, -C H 3 , 6 H) " C NMR (100 MHz, CeDe)

8

= 10.1, 14.5, 18.6,

64.8, 89.7, 93., 134.1^1
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2.5 Synthesis o f PB-l-Bpin and PB-2-Bpin (entry 1 o f Table 1)
In a

filled glove box, a mixture o f isotactic poly(l-butene) (PB-1, 4 g, 71.2

mmol o f butene repeating unit), Bzpini (542 mg, 2.14 mmol), rhodium catalyst (5 mol %
Rh relative to Bzpinz, 42.8 mg, 0.107 mmol), cyclooctane (800 mg), and a magnetic stir
bar were place into a vial capped with Teflon-lined septum. The vial was removed from
the glove box and placed in an oil bath at 150 °C for 24 hours. After cooling to room
temperature, the mixture was diluted with toluene (70 mL) and filtered through a short
plug o f celite. The filtrate was concentrated to ~5 mL by a rotary evaporator and
precipitated by adding cold methanol (300 ml). The recovered solid was dried at 60 °C
under vacuum. Yield (4.44 g): 111% recovery yield based on polymer weight o f PB-1. *H
NMR (400 MHz, CDCI3 ) (Figure 1 (a)): Ô = 0.86 - 1.52 (CH, CH 2 , and CH 3 o f poly(lbutene) repeat unit), 1.23 (s, -O C(CH 3 )2 o f Bpin); " C NMR (100 MHz, CDCI3 ) (Figure 1
(b)) 5 = 10.7(-CH3), 25.0(-B O C Œ 3), 27.3(-CH2-), 34.1(-C H -), 39.3(-CH z-), 83.0 ( BOÇCH3); FT-IR (film) (Figure 3): v = 3853, 3734, 2957, 2916, 2872, 2852, 1683,
1652, 1558, 1506, 1458, 1377, 1315, 1214, 1145, 967, 847, 761,

668

cm''; GPC (Figure

5): Mn = 127,000 g/mol, PDI = 1.7. PB-2-Bpin was prepared in a similar procedure using
PB-2. 'H NMR (400 MHz, CDCI3)

6

= 0.86 -1.52 (CH, CH2, and CH3 o f poly(l-butene)

repeat unit), 1.23 (s, -O C (C H 3 )2 o f Bpin). *^C NMR & GPC data o f PB-2-Bpin were not
measured due to the limited solubility o f the material in CDCI3 and THF.

2.6 Synthesis o f PB-l-O H and PB-2-OH (entry 1 o f Table 1)
The PB-l-Bpin (3.9 g) was dissolved in THF (500 mL) in a 1 L flask by applying
gentle heating and cooled to room temperature. A mixture o f aqueous NaOH solution (3
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M, 26 mL) and aqueous H 2 O 2 solution (30%, 26 mL) was slowly added to the polymer
solution at room temperature while the solution was vigorously stirred. The resulting
suspension was stirred at room temperature for 12 hours. The solution was concentrated
using a rotary evaporator. A mixture o f distilled water (400 mL) and methanol (100 mL)
were added and the suspension was stirred for 20 minutes. Polymer solids were collected
by vacuum filtration and washed with methanol. The air-dried polymer was dissolved in
toluene (100 mL) and filtered through a short plug o f silica gel. The polymer was
precipitated by adding cold methanol (350 mL) to the filtrate and dried at 60 °C under
vacuum. Yield (3.63 g) 96 % recovery yield based on polymer weight from PB-1. 'H
NMR (400 MHz, CDCI3) (Figure 2 (a)): 5 = 0.86 - 1.52 (CH, CH2, and CH3), 3.65 (t, CH2OH): "C NM R (100 MHz, CDCI3) (Figure 2 (b)) Ô = 10.80 (-CH3), 27.13 ( ÇH2CH3), 33.90 (-C H -), 39.33 (-CH2-), 61.43 (-CH2OH); FT-IR (film) (Figure 4): v =
669,764,1056,1379,1459,15 0 7 ,1 5 5 8 ,2 3 4 1 ,2 3 5 9 ,2 8 5 3 ,2 8 7 2 ,2 9 1 4 ,2 9 5 8 ,3 3 3 5 , 3734,
3852cm“*; GPC (Figure 13): Mn = 139,000 g/mol, PDI = 2.1. PB-2-OH was prepared in a
similar procedure using PB-2-Bpin. 'H NMR (400 MHz, CDCI3) (Figure 6 ):

8

= 0.86 -

1.52 (CH, CH2, and CH3 o f poly(l-butene) repeat unit), 3.65 (t, -CH2OH). ^^C NMR &
GPC data of PB-2-OH were not measured due to the limited solubility o f the material in
CDCI3 and THF.

2.7 Synthesis of Isotactic Poly(l-butene) Macroinitiator (PB-l-Br)
PB-l-O H (1960 mg) and a magnetic stir bar were placed in a schlenk flask (100 mL)
filled with nitrogen. Dry toluene (30 mL) was added to the flask, and the solution was
stirred at 90 °C until the polymer became dissolved. 2 -bromoisibutyryl bromide (805 mg,
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3.5 mmol) was quickly added to the flask using a syringe. The solution was temporarily
cooled below 90 °C, and triethylamine (355 mg, 3.5 mmol) was slowly added. The flask
was connected to a condenser, and the reaction mixture was stirred at 90 °C for 5 hours
under nitrogen. The solution was cooled to room temperature and diluted with 50 mL of
toluene. The solution was vacuum filtered and the filtrate was concentrated to -4 0 mL
with a rotary evaporator. 2 % HCl acidified cold methanol was gently added to the
solution to precipitate polymer as the off-white solid, which was further washed with
acidified cold methanol (10 mL x 3 ). The recovered polymer (PB-l-Br) was tom into
small pieces and dried at 60 °C under vacuum. Yield (2094 mg): 107

% based on

recovery yield o f polymer weight from PB-l-O H. *H NMR (400 MHz, CDCI3 ) (Figure
8 (a)):

Ô = 0.86 - 1.62 (CH, -C H 2-an d -C H 3 o f poly(l-butene) repeat unit), 1.92 (s, -

OCOC(CH 3 )3 Br), 4.20 (t, -C H 2 CH2 OCO-); " C NM R (100 MHz, CDCI3 ) (Figure
6

8

(b)):

= 31.0 (-CÇH 3 ( Œ 3 )Br), 55.9 (-ÇCH 3 (CH 3 )Br), 64.5 (-CH 2ÇH 20(C=0)C-), 171.9 ( -

CH2 CH2 0 (Ç=0 )C-); GPC (Figure 13): M„ = 191,000 g/mol, PDI = 1.7.

2.8 Graft Copolymerization o f Poly(l-butene) Macroinitiator and MMA via ATRP
(PB-g-PMMA) (entry 1 o f Table 4)
Cu(I)Cl was purified according to the method o f literature^*. The green-colored
impurity in copper(I) chloride that is due to exposure to the atmosphere can be removed
by the following steps: Copper(I) chloride (10 g) was grinded in a mortar with 5 mL o f 1
N sulfuric acid to form a paste, which was then stirred into a large quantity o f IN sulfuric
acid (5 mL). The suspension like mixture was filtered and washed with acetic acid (4 mL
X 5). The recovered white powder was washed with absolute methanol (3 mL x 6 ) and
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ether (3 mL x 6 ). The off-white powder was dried under vacuum at 60 °C for 1 hour.
Yield ( 8 . 8 g):

88

%.

In a typical graft polymerization,

86

mg o f poly(l-butene) macroinitiator (PB-l-Br),

in which the Br concentration is 3.45xlO~^mmol, o-xylene (2.1 g) and a magnetic stirrer
were placed in a 25 mL vial in a nitrogen filled glove box. The vial was removed from
the glove box, and P B -l-B r was dissolved by applying gentle heating. In a nitrogen filled
glove box, Cu(I)Cl (3.4 mg, 0.0345 mmol), 4,4'-dinonyl-2,2'-bipyridine (dNbpy) (28.2
mg, 0.069 mmol), o-xylene (1.4 g) and MMA (172 mg, 1.725mmol) were premixed in a
vial capped with a Teflon-lined septum. The mixture was cannula-transferred to a vial
containing PB -l-B r solution under nitrogen atmosphere at 90 °C for 20 minutes. The
solution was stirred at 90 °C for 20 hours under nitrogen. The polymerization was
stopped by cooling the vial to room temperature, and the polymer product was
precipitated by adding 10 mL o f cold methanol. The polymer was filtered, washed with
methanol (5 mL x 3 ), and dried in vacuo. The polymer solid was dissolved in toluene (10
mL) and filtered through a short pack o f silica gel to remove the residual metal catalyst.
The filtrate solution was concentrated to 3 mL using a rotary evaporator and polymer was
precipitated by adding cold methanol (10 mL). The filtered polymer was dried at 60 °C
under vacuum. Yield : 85 mg. *H NMR (400 MHz, CDCI3 ) (Figure 9 (a)):

6

= 0.86 - 1.92

(CH, CH 2 , and CH 3 of poly(l-butene) repeat unit), 3.59 (s, -O C H 3 ), 4.05 (t, CH 2 CH2 0 (C= 0 )-); FT-IR (film) (Figure 10): v = 1149, 1273, 1379, 1461, 1736, 2852,
2872, 2915, 2957 cm *; GPC (Figure 13, entry 3 o f Table 4): M„ = 267,000 g/mol, PDI =
2 .0 .
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2.9 Graft Copolymerization o f Poly(l-butene) Macroinitiator and tBA via ATRP
(PB-g-PfBA) (entry

6

o f Table 4)

Poly(l-butene) macroinitiator (PB-l-Br) (100 mg, 3.8x10'^ mmol Br concentration)
and o-xylene (2.1 g) were placed in a 25 mL vial in a nitrogen filled glove box. Applying
gentle heat facilitates dissolution o f PB -l-B r in o-xylene. In a nitrogen filled glove box,
Cu(I)Cl (3.7 mg, 0.038 mmol), 4,4'-dinonyl-2,2'-bipyridine (dNbpy) (31 mg, 0.076
mmol), o-xylene (1.6g) and tBA (246 mg, 1.92 mmol) were premixed in a vial capped
with a Teflon-lined septum. The mixture was cannula-transferred to vial containing P B -lBr solution at 90 °C for 20 minutes. The solution was stirred at 90 °C under nitrogen for
20 hours. Cooling the vial to room temperature stopped the polymerization. The addition
o f lOmL of cold methanol precipitated the resulting polymer product. The polymer was
filtered, washed with methanol (5 mL x 3), and dried in vacuo. The polymer solid was
dissolved in toluene (10 mL) and filtered through a short pack o f silica gel to remove
residual metal catalyst. The filtrate was concentrated to -3 mL using a rotary evaporator.
Polymer was precipitated by adding cold methanol (10 mL) and dried at 60 °C under
vacuum. Yield: 96 mg; *H NMR (400 MHz, CDCI3 ) (Figure 9 (e)):

8

= 0.86 - 1.29 (CH,

CH 2 , and CH 3 o f poly(l-butene) repeat unit), 1.44 (s, -O C (C H 3 )3), 4.10 (t, CH 2 CH2 0 (C= 0 )-); FT-IR (film) (Figure 11): v = 764 846, 902, 1015, 1149, 1217, 1257,
1367,1379,1460,1731,2852,2872cm'*; GPC (Figure 13): M„ = 292,000 g/mol, PDI = 1.7.

2.10 Synthesis o f Poly(l-butene)-grq/t-poly acrylic acid via Hydrolysis
(PB-gPAA)
PB-1-g-PÆA (100 mg, 0.261 mmol o f /BA unit) and a magnetic stirring bar were
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placed in a 50 mL schlenk flask, which was then evacuated, and backfilled with nitrogen
three times. Dry dichloromethane (4 mL) was added to the flask and gentle heating was
applied to dissolve the polymer. Trifluorocaetic acid (388 uL, 595 mg, 5.22 mmol, 20
equivalent o f /BA unit) was added to the polymer solution, which was then stirred for two
days at room temperature under nitrogen. After -3 0 hours, an additional 2 mL o f dry
dichloromethane was added to the reaction solution. Cold methanol was slowly added to
precipitate the polymer as a white solid. The solid was filtered in air and washed with
additional methanol (10 mL x 3). The obtained polymer was dried under vacuum for an
hour and dissolved in THF (10 mL). The THF solution was filtered though a short plug of
celite and concentrated to -3 mL using a rotary evaporator. The polymer was precipitated
with the addition of cold methanol (10 mL) to the filtrate. The polymer was filtered,
washed with methanol (10 mL x 3 ), and dried at 60 °C under vacuum. Yield: 73 mg; *H
NMR (400 MHz, THF-dg) (Figure 14): Ô = 0.86 - 1.29 (CH, CH;, and CH 3 o f poIy(lbutene) repeat unit), 4.03 (br, -C H 2 CH 2 0 (C= 0 )-), 11.0 (br, -(C = 0 )0 H ); FT-IR (film)
(Figure 15): v = 768, 922, 1149, 1273, 1379, 1459, 1718, 2854, 2874, 2916, 2959 cm *.
Although PB-^-/BA was soluble in THF, it did not provide a reasonable signal on GPC
analysis possibly due to the strong interaction between column and polar groups in the
polymer.
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CHAPTER 3

RESULTS AND DISCUSSION
3.1 Functionalization o f PB-1 and PB-2
Scheme

6

shows the synthetic route to prepare hydroxylated isotactic poly(l-butene)s.

The rhodium catalyzed C -H activation o f terminal methyl groups o f side chains was
conducted using Bzpinz at 150 °C in cyclooctane. After the reaction, the crude borylated
poly(l-butene) was dissolved in toluene and purified by precipitation from cold methanol.
The isolated borylated polymer (PB-Bpin) was then oxidized with basic hydrogen
peroxide in a mixture o f THF and H 2 O to give the corresponding hydroxylated polymer
(PB-OH). PB-OH was dissolved in toluene and purified by the precipitation from the
cold methanol.
NMR spectroscopy was used to characterize PB-Bpin and PB-OH. The *H NMR
spectrum of PB-l-Bpin showed a resonance at Ô = 1.23 for the methyl group (-BOCCH 3 )
o f the Bpin group (Figure 1 (a)). The higher the ratio o f the diboron reagent to polymer
repeat unit, the bigger the resonance indicating incorporation o f more -B p in group into
the polymer. The

NM R spectroscopy also contained two peaks from the Bpin group

at Ô = 83.0 ppm for -BO C(CH 3 )2 and

6

= 25.0 ppm for -BOC(CH 3 )2 from the Bpin group

(Figure 1 (b)). Based on the analysis o f the *H NM R spectrum o f PB-OH, it was
confirmed that the borylation o f C -H bond had occurred only at the end o f the side chain
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o f the isotactic poly(l-butene). The *H NMR and the
resonance at ô = 3.66 ppm and a resonance at

6

NMR spectrum showed a triplet
= 61.5 ppm, respectively, for the

methylene group of-C H zO H (see Figure 2). No resonance corresponding to -Ç H O H - or
-Ç O H - that would result from hydroxylation o f the backbone methylene or methine
positions was detected. The relative intensities o f triplet at ô = 3.66 ppm from -CFlaOH
and triplet at

6

= 0.9 ppm from -C H 3 in the *H NMR spectra o f PB -l-O H and PB-2-OH

allowed calculation o f mol % o f -C H 2 OH group in the polymer, and those values are
provided in Table 1 and Table 2. The IR spectrum also supports the presence o f hydroxy
group in the isotactic poly(l-butene), since broad OH stretching was observed at 3330
cm'* (Figure 4). The IR spectrum o f PB-l-Bpin showed B - 0 stretching at 1310 cm *
from the boronic ester group^^ (Figure 3).
When the isotactic poly(l-butene)s o f two different molecular weights were
subjected under similar conditions o f functionalization, the higher-molecular-weight
polymer (PB-2) generally generated slightly lower concentration o f hydroxy groups in
the side chains. The slight difference o f resulting hydroxy group concentration is
presumably due to higher viscosity o f the high-molecular-weight PB-2 under the
borylation condition.
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Table 1. Functionalization o f PB-1®

entry

ratio*’

Rh catalyst

PB-l-Bpin
MnXlO'^
(PDI)'

PB-l-O H
MnXlO'^
(PDI)'

OH
mol %"*

Efficiency
(% )'

1

0.03

Cp*Rh(C 6Me 6 )

127(1.7)

139(2.1)

2 .8

93

2

0.05

Cp*Rh(C 6Mc 6)

135(1.6)

126(1.6)

3.9

78

3

0.07

Cp*Rh(C 6 Me 6 )

117(1.8)

136 (1.6)

4.4

63

4

0.07

[Cp*RhCl2 ]2

141 (1.8)

124(1.8)

3.6

51

5

0.15

Cp*Rh(C 6Mc 6)

167(1.4)

168 (1.7)

9.5

63

6

0.30

Cp*Rh(C 6 Mc 6)

171 (2.0)

106 (2 .0 )

1 1 .1

37

®Starting material (PB-1), isotactic poly(l-butene): Mn = 110,000 g/mol, PDI = 1.8.
’’ Initial ratio o f B^pinz/repeating units. M„ and PDI measured by gel permeation
chromatography with tetrahydrofuran as eluent. ^ Mol % o f CH 2 OH o f PB -l-O H relative
to methyl side chains. ® Efficiency o f functionalization (the percentage o f -C H 2 OH
groups in the final polymer relative to the Bzpinz added).
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Figure 1. (a) H NM R spectra of boylated poly(l-butene) (PB-l-Bpin)

2.8 mol % Bpin
(entry 1 of Table

3.9 mol % Bpin
(entry 2 o f Table 1)
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4.4 mol % Bpin
(entry 3 of Table 1)

'3.6 mol % Bpin
(entry 4 of Table 1)
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0

ppm

p

9.5 mol % Bpin
(entry 5 o f Table 1)

0

ppm

11.1 mol % Bpin
(entry 6 of Table 1)
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ppm

(b)

NM R spectrum of boylated poly(l-butene) (PB-l-Bpin)
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ppn

Figure 2. (a) H NMR spectra of hydroxylated poly(l-butene) (PB-l-O H)
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4.4 mol % OH
(entry 3 o f Table 1)

0

ppm

3.6 mol % OH
(entry 4 of Table 1)
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pp#

9.5 mol % OH
(entry 5 o f Table 1)
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(entry 6 of Table 1)
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pp#

(b)

NMR spectrum o f hydroxylated poly(l-butene) (PB-l-OH )
(entry 6 of Table 1)

OH

a
##N
1

90

“
70

50

40

~T ”

—r

30

20

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

10

PP"

For both the lower-molecular-weight isotactic poly(l-butene) PB-1 and the highermolecular-weight polymer PB-2, at a given ratio o f B 2 pin 2 /monomer, functionalizations
with Cp*Rh(C6 Mc 6) generated higher concentrations o f hydroxymethyl groups than those
with [Cp*RhCl2 ]2 (entries 3 and 4 o f Table 1 and entries 2 and 3 o f Table 2). It is belived
that the higher reactivity o f Cp*Rh(C6 Meg) is due to the better solubility o f the arene
complex in the borylation medium. Thus, the relationship o f the ratio o f B 2pin 2 relative to
monomer repeating unit and the resulting concentration o f functionality was investigated
using 5% o f Cp*Rh(C 6 Mc 6 ) as catalyst (Table I and Table 2). Although the relationship o f
the ratio and hydroxyl group concentration was not linear, and functionalizations at
higher ratios (>0.15) induced little increase o f functionalized side chains, increasing the
ratio generally resulted in more functionalized side chains for both PB-1 (entries 1, 2, 3, 5
and

6

of Table 1) and PB-2 (entries 1 , 2 , 4 and 5 o f Table 2).

Similar to the functionalization o f polypropylenes,^^ the borylation and oxidation o f
isotactic poly(l-butene)s occurred selectively at the end o f the side chain while
maintaining the tacticity o f polymer. Thus, this methodology allowed convenient
synthesis of functionalized crystalline polyolefin. However, because methyl group o f the
side chain o f isotactie poly(l-butene)s is sterically less hindered than that o f isotactie
polypropylene, the mol % o f hydroxyl group o f PB-1 and PB-2 is substantially higher
than that o f isotactie polypropylene (IFF) (see Table 3^^ for comparison data o f isotactic
polypropylene). In C -H functionalization o f PB-1 (Table 1) and isotactie polypropylene
(Table 3^^), the efficiency is defined as the mole ratio of hydroxyl groups in the final
polymer to the initial concentration o f B 2 pin 2 . Under the similar functionalization
condition with 5 mol% Cp*Rh(C6 Me 6), isotactic poly(l-butene) exhibited much higher
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efficiency than isotactic polypropylene. While polypropylene showed 26 % maximum
efficiency (Table 3), poly(l-butene) shows 37 % through 93 % efficiency (Table 1). Since
the rhodium catalyzed C -H borylation process was determined by sterie hindrance
around methyl side group/^ poly(l-butene), which has a longer side chain than
polypropylene, showed significantly higher effieiency o f functionalization.
Since the higher-moleeular-weight isotactie poly(l-butene) PB-2 showed limited
solubility in the mobile solvent o f GPC, (i.e. THF), molecular weight properties o f PB-1
and functionalized PB-1 (PB-l-Bpin and PB-l-O H ) were investigated using GPC. As
shown in Table 1 and Figures 5 and 6 , the sequence o f C -H borylation and oxidation did
not change M„ and PDI significantly from those o f the starting parent polymer (PB-1: Mn
= 110,000 g/mol, PDI = 1.8) Therefore, it is concluded that unlike modification o f
polyolefins via free radical method, the rhodium catalyzed C -H borylation and
consecutive oxidation was carried out without chain scission or coupling between
polymer chains. A minor deviation o f M„ and PDI o f PB-l-Bpin and PB -l-O H from
those o f PB-1 is believed to be within a range o f experimental error.
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Figure 3. FT-IR spectrum of PB-1 and PB-l-Bpin (entry 5 o f Table 1)
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Figure 4. FT-IR spectrum of PB-l-O H (entry 5 of Table 1)
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Figure 5. GPC data o f PB-1, PB-l-Bpin and PB -l-O H
(a) PB-1 and PB-l-Bpin
(a) PB-1
(b) PB-l-Bpin 2.8 mol % OH (entry 1 o f Table 1)
(c) PB-l-Bpin 3.9 mol % OH (entry 2 o f Table 1)
(d) PB-l-Bpin 4.4 mol % OH (entry 3 o f Table 1)
(e) PB-l-Bpin 3.6 mol % OH (entry 4 o f Table 1)
(f) PB-l-Bpin 9.5 mol % OH (entry 5 o f Table 1)
(g) PB-l-Bpin 11.1 mol % OH (entry 6 o f Table 1)

(e)

(g)
I

10

20

30

Elution Volumn (mL)

(a) PB-1 [Mn = 110,000 g/mol, PDI = 1.8], (b) PB-l-Bpin [M„ = 127,000 g/mol, PDI
= 1.7] in entry 1 o f Table 1, (c) PB-l-Bpin [M„ = 135,000 g/mol, PDI = 1.6] in entry 2 of
Table 1, (d) PB -l-B pin [M„ = 117,000 g/mol, PDI = 1.8] in entry 3 o f Table 1, (e) P B -lBpin [Mn = 141,000 g/mol, PDI = 1.8] in entry 4 o f Table 1 (f) PB -l-B pin [Mn = 167,000
g/mol, PDI = 1.4] in entry 5 o f Table 1 (g) PB-l-Bpin [M„ = 171,000 g/mol, PDI = 2.0]
in entry 6 o f Table 1.
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(b) PB-1 and PB-l-O H

(a) PB-1
(b) P B -l-O H
(c) P B -l-O H
(d) P B -l-O H
(e) P B -l-O H
(f) P B -l-O H
(g ) P B -l-O H

2 .8 m ol % OH (entry 1 o f Table 1)
3.9 m ol % OH (entry 2 o f Table 1)
4 .4 m ol % OH (entry 3 o f Table 1)
3 .6 m ol % OH (entry 4 o f Table 1)
9.5 m ol % O H (entry 5 o f Table I)
11.1 m ol % OH (entry 6 o f Table 1)

(a)
(C)

3C
(e)

—|—
10

20

30

Elution V olum n (m L )

(a) PB-1 [M„ = 110,000 g/mol, PDI = 1.8], (b) PB -l-O H [M„ = 139,000 g/mol,
PDI = 2.1] in entry 1 o f Table 1, (c) PB -l-O H [M„ = 126,000 g/mol, PDI = 1.6] in
entry 2 o f Table 1, (d) PB -l-O H [Mn = 136,000 g/mol, PDI = 1.6] in entry 3 o f Table
1, (e) PB -l-O H [Mn = 124,000 g/mol, PDI = 1.8] in entry 4 o f Table 1 (Q PB-l-O H
[Mn = 168,000 g/mol, PDI = 1.7] in entry 5 o f Table 1 (g) PB -l-O H [M„ = 106,000
g/mol, PDI = 2.0] in entry 6 o f Table 1.
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Table 2. Functionalization of PB-2®
E ffic ien c y ^
(%)

entry

ratio’’

Rh catalyst

1

0.03

Cp*Rh(C 6 Me 6 )

2 .1

70

2

0.07

Cp^RhCCôMee)

5.5

79

3

0.07

[Cp*RhCl2 ]2

2 .2

31

4

0.15

Cp*Rh(C6Mc6)

6 .6

44

5

0.30

Cp*Rh(C 6 Me 6 )

9.9

33

OH mol %=

Starting material (PB-2), isotactic poly(l-butene): Mn = 285,000 g/mol, PDI ~ 2.0.
Initial ratio of Bmin 2 /repeating units. ®Mol % o f CH 2 OH o f PB-2-OH relative to
methyl side chains. Efficiency o f functionalization (the percentage o f -C H 2 OH groups
in the final polymer relative to the B2 pin 2 added).

Figure 6 . H NM R spectra of hydroxylated poly(l-butene) (PB-2-OH)

OH

2.1 mol % OH
(entry 1 o f Table 2)

0
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ppm

5.5 mol % OH
(entry 2 of Table 2)

2.2 mol % OH
(entry 3 of Table 2)
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0

ppm

6.6 mol % OH
(entry 4 of Table 2)

6

7

2
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5

1

9.9 mol % OH
(entry 5 o f Table 2)
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0

PP"

When polar functionality is introduced into polyolcfins, maintaining original physical
properties o f the polymer is important. As shown in Table 1, the rhodium-catalyzed
borylation and subsequent oxidation process can convert a small fraction o f terminal
methyl groups of the polymer’s side chain selectively to hydroxymethyl group (-C H 2 OH)
without interfering with the structure o f the main chain. Thus, this method can afford a
funetionalized polyolefin material that preserves physical properties o f starting material,
such as tactieity and crystallinity. For instance, when the low concentration o f hydroxy
group was installed (less than 3 mol % OH), PB -l-O H samples revealed two
endothermie melting point peaks near 100 °C and 115 °C in differential scanning
calorimetry (DSC), that were identical to the two endothermie peaks o f PB-1 (see Figure
7). However, when more hydroxy groups were installed (more than 4 mol % OH), PB -lOH samples displayed only one endothermie peak indicating formation o f a different
crystalline state. This phase transition to a different crystalline form needs further
investigation.
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Table 3. Functionalization of isotactic polypropylene (iPP)^

entry

Ratio‘S

iPP-Bpin
MnXlO'^
(PDI)"

Rh catalyst

iPP-OH
MnXlO'^
(PDI)**

OH
mol %"

Efficiency
(%)

1"

0.03

Cp*Rh(C 6 Me 6 )

15.8(2.1)

15.8 (2.2)

0.76

25

T

0.05

Cp*Rh(C 6Me 6)

13.9 (2.2)

17.6(2.1)

1.3

26

3"

0 .1 0

Cp*Rh(C6Mc6)

15.1 (2.4)

14.4(2.1)

1.5

15

0.05

Cp*Rh(C 6Me 6)

58.2 (3.0)

53.1 (2.7)

0.27

5.4

4

b

®Starting material (iPP-1), isotactic polypropylene: Mn = 17,600 g/mol, PDI = 2.1.
Starting material (iPP-2), isotactic polypropylene: M„ = 66,800 g/mol, PDI = 3.8 Initial
ratio o f Bzpinz/repeating units. ^ M„ and PDI measured by gel permeation
chromatography with tetrahydrofuran as eluent. ®Mol % o f CH 2 OH o f PB-l-O H relative
to methyl side chains, ^from reference 39

Figure 7. DSC thermograms of PB-1 and PB-l-O H

PB-1
P B -l-O H 2.8 mol % OH (entry 1 o f Table 1)
P B -l-O H 4.4 mol % OH (entry 3 o f Table 1)
P B -l-O H 9.5 mol % OH (entry 5 o f Table 1)
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3.2 Synthesis of isotactic poly(l-butene) macroinitiator
Scheme 7 shows a synthetic procedure o f poly(l-butene) macroinitiator (PB-l-Br)
from 2.8 mol % hydroxylated PB-l-O H (from entry 1 o f Table l).The terminal primary
alcohol o f PB -l-O H reacted with excess o f 2-bromoisobutyl bromide to give PB-l-Br
which could be used as a macroinitiator for a graft polymerization o f polar vinyl
monomers. Triethylamine was added in the estérification to remove HBr by-product
during the reaction, and the resulting triethylamine hydrobromide was filtered after the
reaction. *H NMR spectrum o f PB -l-B r showed a triplet resonance at ô = 4.20 ppm and a
singlet resonance at Ô = 1.92 ppm corresponding to -C H ?CH?O C f=O f- and - C lCHiTBr,
respectively (Figure

8

(a)). Their integral ratio is roughly 1:3, which is consistent with the

structure. The *H NM R spectrum also showed complete disappearance o f a triplet at Ô =
3.66 ppm confirming the absence o f unreacted -CH2OH o f PB-l-O H . The relative
intensities of a triplet at Ô = 4.20 ppm fi'om the -C H 2 CH 2 0 C(= 0 ) and triplet at ô = 0.9
ppm from -CH3 in the *H NMR spectra o f PB -l-B r indicated 2.2 mol % o f the a bromoester group in the polymer side chain. This value suggested the macroinitiator
contain on average 43 initiating groups per polymer chain. The

spectrum showed

appearance o f new resonances at Ô = 171.9 ppm for ~CH 2 0 (C= 0 )C(CH 3 )2 Br, at ô = 64.5
ppm for -C H 2 0 (C= 0 )C(CH 3 )2 Br, and at peak Ô = 55.9 ppm for -C H 2 0 (C= 0 )C(CH 3 )2 Br
(Figure

8

(b)). The resonance at

8

= 31.0 ppm corresponds to two methyl carbons from -

CH20(C=0)C(CH3)2Br.
Molecular weight and PDI o f P B -l-B r were measured by GPC: Mn = 191,000 g/mol,
PDI = 1.74 (Figure 13). Although the PDI was almost identical to that o f the starting
material PB-1 (M„ = 110,000 g/mol, PDI = 1.8), M„ result is much higher.This difference
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in Mn is likely derived from the conformational differences between non-polar starting
material and the macroinitiator that contains bulky polar ester group.

Since Mn o f GPC

represents relative molecular weight, i.e. hydrodynamic volume o f the macroinitoator, not
absolute molecular weight, interaction between nonpolar poly(l-butene) main chains and
polar side chains may induce more loose conformational structure in THF. Since the
presence o f bulky side group o f PB -l-B r is believed to lower crystallinity and improve
solubility in THF o f the polymer, the solubility difference may also contribute to the
higher number average molecular weight in GPC measurement.

Scheme 7. Preparation of PB-l-Br
Toluene

CH3

90 °C

CH3

O

OH
PB-1-OH

CH
Br
PB-1-Br
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Figure 8 (a) H NM R spectrum of poly(l-butene) macroinitiator (PB-l-Br)
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ppa

3.3 Graft copolymerization o f poly(l-butene) macroinitiator and MMA via ATRP
(PB-g-PMMA)
Atom transfer radical polymerization (ATRP) is one of the convenient technique for
polymerization o f certain vinyl monomers with controllable molecular weight. Thus,
ATRP of MMA from the macroinitiator PB -l-B r was conducted with Cu(I)Cl and
dNbpy'^^ at 90 °C in o-xylene solvent. Graft polymerization was conducted initially with
[MMA]o/[Br]o/[CuCl]o/[dNbpy]o =
possibly

due

to

cross-coupling

200

/ 1 / 1 /2 , but it produced an insoluble polymer gel

termination

between

radicals.

Thus,

different

combinations o f equivalent ratio o f MMA to Br o f the macroinitiator, variable amountsw
o f solvent, and reaction times were screened. It was found that a condition o f 50
equivalent MMA relative to Br of the macroinitiator yielded a soluble product, and
extended polymerization time produced a higher molecular weight o f graft copolymer
(see entry 3 and 4 o f Table 4). Although we did not monitor the kinetics o f this graft
polymerization in which monomer conversion in principle should be almost linear
relation with respect to the reaction time in ATRP,"^^ the progression o f the polymerization
can be easily noticed by increase o f viscosity with increasing reaction time. The
concentration o f the macroinitiator in the solvent can also affect the number molecular
weight (Mn) o f resulting graft copolymer under the same reaction time (see M„ from ‘H
NMR in entries 2 and 3 o f Table 4). Generally, the higher the concentration, the higher
the molecular weight o f the graft copolymers. However, when graft polymerization was
conducted above concentration o f 110 mg/mL, an insoluble gel was formed. Based on
these observations, several graft copolymers having different lengths o f PMMA blocks
were synthesized by changing reaction time and the concentration (Table 4).
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NMR spectrum of PB-g-PMMA showed a distinct resonance at ô = 3.59 ppm for
-O C H 3 o f the PMMA block (Figure 9 (a) - (c)). Comparison o f the intensity o f this peak
and intensity at ô = 0.84 ppm o f-C H s o f poly(l-butene) block allows estimation o f the
degree o f polymerization (DP) o f PMMA block in the copolymer. When the integral of
poly(l-butene) block was set to 300 (i.e. DP - 100), the integrals o f PMMA were 34 (i.e.
DP =11.3) and 49 (i.e. DP = 16.3) for entries 1 and 3 o f Table 4, respectively. Since GPC
analysis of PB-1 showed M„ = 110 kg/mol indicating that the poly(l-butene) block
originally contained average o f 1960 repeating unit (i.e. DP = 1960), the estimated DPs of
PMMA blocks were 222 and 320 for entries 1 and 3 o f Table 4, respectively. In this
manner, M„ o f PMMA blocks o f the graft copolymer by *H NM R were calculated to be
22 kg/mol and 32 kg/mol giving M„ o f PB-g'-PMMA as 132 kg/mol and 142 kg/mol,
respectively (entries 1 and 3 o f Table 4). The mol ratios o f PMMA blocks in the graft
copolymers were 10 - 14 %.

Scheme 8 . Preparation o f PB-g-PMMA

CH,
CuCI / dNbpy

O

o-xylene, 90°C
OCH3
CH
CH

,0
PB-l-Br

MMA

PB-sr-PMMA

51

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

The significant increase in number average molecular weights o f PB-g-PMMA by
GPC measurement also indicates successful graft polymerization from the macroinitiator.
All GPC traces o f PMMA graft copolymers maintained relatively narrow PDIs (entries 1
- 3 of Table 4). However, as shown in Table 4, M„ o f the graft copolymers measured by
GPC were much higher than those by ’H NMR. This difference in M„ is most likely
derived from the conformational differences between a linear copolymer and a graft
copolymer.^'* Since M„ from GPC measurement represents relative molecular weight, i.e.
hydrodynamic volume o f the graft copolymer, not absolute molecular weight, interaction
between nonpolar poly(l-butene) block in main chains and polar PMMA block in side
chains might cause more loose structures in THF giving higher Mn values. In addition, a
shoulder peak

appeared

in the

GPC trace

indicating

incomplete

grafting

or

homopolymerization o f MMA units (Figure 13).
FT-IR spectrum o f PB-g-PMMA also confirmed grafting o f MMA units into the
poly(l-butene). The C = 0 stretch o f PMMA block was clearly visible at 1740 cm '’
(Figure 10).
Thermal properties o f PB-g-PMMA were investigated using DSC (Figure 12). Only
one endothermie peak was detected at 54 °C for PB-g-PMMA which is much lower than
that o f starting material PB-1 , around 110 °C. It is likely that the PMMA units destroyed
the crystallinity o f isotactic poly(l-butene) to make the melting point decrease.^^
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Table 4. Poly(l-butene)-g/’fl/?-PoIy(methyl methacrylate) and PoIy(l-butene)-gra/'tPoIy(t-butyl acrylate) under different conditions^

entry

monomer
(50 eq)

time
(h)

solvent
(g)

MnXk
(GPC)

PDI
(GPC)

Mn X k"'"
(NMR)

composition*'
(m/n)

1

MMA

5

3.5

267

2.0

132''

90/10

2

MMA

10

5

547

1.7

137

'’

88/12

3

MMA

10

3.5

513

1.8

142''

86/14

4

MMA

20

3.5

528

1.8

5

tBA

10

3.5

273

1.7

119"

96/4

6

tBA

20

3.5

292

1.7

126"

94/6

-

-

a

integral ratio at ô = 3.59 (-OCH 3 ) o f PMMA block and Ô = 0.84 (-C H 3 ) o f poly(l-butene)
block that has Mn = 110,000 g/mol. Based on integral ratio at ô = 1.46 (-OC(CH 3 ) 3 ) of
tBA block and 5 = 0.84 (-C H 3 ) o f poly(l-butene) block that has M» = 110,000 g/mol. ^
mol ratio o f poly(l-butene)/PM M A and poly(l-butene)/PffiA bases on calculation from
’H NMR spectrum.
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3.4 Graft polymerization o f poly(l-butene) macroinitiator and tBA via ATRP
(PB-g-PmA)
Graft polymerization from PB -l-B r with t-butyl acrylate (ffiA) was conducted to
prepare PB-g-PfBA Similar to the grafting with MMA, extended polymerization time
gave higher number average molecular weights o f the graft copolymers (entries 5 and

6

Table 4). Unfortimately, extending reaction time over 20 hours resulted in an insoluble
polymer gel. As shown in Table 4, the GPC analysis o f the PB-g-PÆA showed that the
Mn values were much higher than that o f PB-1 while PDIs were maintained around 1.7.
A monomodal shape o f GPC trace and relatively low PDI o f the PB-g-PÆA indicate that
PB-l-Br is an efficient initiator for the graft polymerization o f tBA(Figure 13).

Scheme 9. Preparation of PB-g-PtBA

CuCI / dNbpy
— CH3

\
CH3

o-xylene, 90°C
CH

Br

PB-1-Br

tBA

PB-g-fBA

'H NMR spectrum o f PB-g-PtBA displayed a resonance at Ô = 1.46 ppm for methyl
protons o f tertiary butoxy group (-OC(CH 3 )3 ). The relative ratio o f the tertiary butoxy
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group to the terminal methyl group o f side ehain o f poly(l-butene) bloek

(6

= 0.84 ppm)

allows estimation o f degree o f polymerization (DP) o f P/BA block in the copolymer.
When the integral o f polybutene block was set to 300 (i.e. DP - 100), the integrals o f /BA
were 32 (i.e. DP = 3.53) and 56 (i.e. DP = 6.22) for entries 5 and
respectively. From the GPC analysis, PB-1 was known to have

6

o f Table 4,

Mn = 110 kg/mol,

indicating the poly(l-butene) block actually contained average o f 1960 repeating units
(i.e. DP = 1960). The estimated DPs o f P/BA blocks are 69 and 122 for entries 5 and
Table 4, respectively. Accordingly, M„ o f P/BA blocks o f the graft eopolymer by

6

of

NMR

were calculated to be 9 kg/mol and 16 kg/mol giving M„ o f PB-g-P/BA as 119 kg/mol
and 126 kg/mol, respectively (Table 4). The mol ratios o f P/BA blocks were 4 - 6 %.
Although higher average molecular weight o f the P/BA block can be obtained by
increasing the concentration and/or extending polymerization time, the ATRP o f /BA was
slower compared to that o f MMA under the identical condition. Similar to the case of
PMMA graft copolymer, Mn values measured from GPC were bigger than Mn values
calculated from *H NMR. This result can also be explained by the differenee between
hydrodynamic volume o f graft copolymer and o f linear copolymer.^"^
The FT-IR speetrum showed C = 0 stretching peak at 1730 cm'* corresponding to ester
group o f the /BA unit (Figure 11).
As shown in Figure 4, thermal properties o f PB-^-P/BA were studied using DSC The
DSC curve shows two endothermie peaks at 73 °C and 219 °C. Presumably, the
endothermie peak at 219 °C is derived from the melting point o f P/BA units because this
temperature is close to the melting point o f /BA homopolymer (193 °C). The other
endothermie peak at 73 °C is believed possibly from main chain o f the graft copolymer.
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poly(l-butene) block. Compared to the melting point o f isotactic poly(l-butene) around
110 °C, this lowering o f melting point in the graft copolymer indicates that P/BA units
disturb the crystallinity^^ of isotactic poly(l-butene) just like the case o f PB-g-PMMA
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Figure 9. H NM R spectra of PB-g-PMMA and PB-g-tBA
(a) entry 1 of Table 4
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(b) entry 2 o f Table 4
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(c) entry 3 o f Table 4
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(e) entry 6 of Table 4
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Figure 10. FT-IR spectrum of PB-g-PMMA (entry 1 of Table 4)
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Figure 11. FT-IR spectrum of PB-g-PtBA (entry

6

of Table 4)
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500

Figure 12. DSC thermogram o f PB-g-PMMA, PB-g-PAA and PB-g-PtBA

PB-g-PM M A (entry 2 o f Table 4)
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PB-g-PfBA (entry 6 o f Table 4)
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Figure 13. GPC data o f PB-1, PB-l-O H , PB-l-Br, PB-g-PMMA and PB-g-PffiA

(a) PB-1
(b) PB-1-BPin (entry 1 o f Table 1)

10

30

20
Elution Volume (m L)

(a)
PB-1 [Mn = 110,000 g/mol, PDI = 1.8], (b) PB-l-Bpin [Mn = 127,000 g/mol, PDI
1.7] in entry 1 o f Table 1.

(a) P B -l-O H 2.7 mol % OH (entry 1 o f Table 1)
(b) P B -l-B r
(c) P B -l-g -P M M A (entry 3 o f Table 4)
(d) PB-l-g-PrBA (entry 6 o f Table 4)

10

30

20

Elution Volume (mL)

(a) PB-l-O H 2.7 mol % OH [Mn = 139,000 g/mol, PDI = 2.1] in entry 1 o f Table 1,
(b) PB-l-Br [Mn = 191,000 g/mol, PDI = 1.74], (c) PB-g-PMMA [Mn = 513,000 g/mol,
PDI = 1.8] in entry 3 o f Table 4, (d) PB-g-PtBA [Mn = 292,000 g/mol, PDI = 1.8] in
entry 6 o f Table 4.
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3.5 Synthesis o f poly (l-butene)-gra/?-Poly acrylic acid hydrolysis
(PB-g-PAA)
Deprotection o f (BA ester group o f PB-g-PffiA using trifluoroacetic acid provided
an amphiphilic copolymer PB-g-PAA which is composed o f poly(l-butene) at the
backbone and poly(acrylic acid) at the side chains. The deprotection was conducted in
dichloromethane, and the homogeneous reaction solution was stirred at room
temperature for two days, while adding additional solvent if necessary. During the
course o f the reaction, PB-g-PAA was precipitated from the reaction mixture due to
solubility difference. The carboxylic acid containing polymer was not soluble in CHCI3 ,
methanol and toluene but was in THF. The *H NM R spectrum obtained from THF-dg
showed a new weak broad resonance at ô =

1 1 .0

ppm for a proton o f carboxylic acid

group. Disappearance o f the methyl group o f t-butoxy ester at ô = 1.46 ppm suggested
complete removal o f the ester group in the polymer. FT-IR analysis also confirmed the
successful conversion to carboxylic acid. The IR spectra showed absorption at 1710cm’*
which corresponded to the C = 0 stretching o f carboxylic acid, while the IR absorption
of the ester group o f PB-g-ffiA was 1730cm’* (Figure 11 and Figure 15). Although PBg-PAA was soluble in THF, it did not provide a reasonable signal on GPC measurement,
possibly because o f the strong interaction between column and polar group in the
polymer.
Thermal properties o f PB-g-PAA were investigated with DSC (Figure 12). Upon
hydrolysis, the endothermie peak at 219 °C from PB-g-fBA disappeared and only a
single endothermie peak at 67 °C was observed on the thermogram. Similar to the case
of PB-g-PM M A, this melting point depression compared to melting point o f isotactic
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poly(l-butene) homopolymer (around 110 °C) also demonstrates disruption o f the
erystalline area in the isotactic poly(l-butene) due to the presence o f polar carboxylic
acid groups.

Scheme 10. Preparation o f PB-g-PAA

+

O
n
CFa^^OH

CH2CI2
Room temperature

trifluoroacetic acid

PB-g-PAA
PB-g-PtBA

64

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 14.

NMR spectrum (THF-dg) of PB-g-PAA
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Figure 15. FT-IR spectrum of PB-g-PAA
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CHAPTER 4

CONCLUSIONS
Selective borylation o f C -H bonds at the end o f the ethyl side chain o f high
molecular weight crystalline polyolefin, isotactic poly(l-butene), introduced boronic ester
functionality without significantly affecting the number average molecular weight and
PDl o f the starting polyolefin. Subsequent oxidation o f boron-containing polymer
produced primary alcohol groups at the end o f the side chain. The concentration o f
functionalized side chains could be easily controlled by changing the ratio o f diboron
reagent to monomer repeating units in the rhodium-catalyzed borylation. The degree of
polar functional groups in the polymer was also heavily dependent on the polymer’s
structural parameters, i.e. steric hindrance around the methyl group o f the side chain. At
low concentration o f hydroxyl group, crystallinity o f the starting polymer was perfectly
preserved. Estérification o f the hydroxylated polymer generated macroinitiator that has
a-bromoester group at the end o f side chain o f the polymer. ATRP o f polar vinyl
monomers, such as MMA and tBA, from the macroinitiator successfully produced high
molecular weight graft copolymers o f isotactic poly(l-butene), PB-g-PMMA and PB-^PfBA *H NMR spectra and GPC data o f the graft copolymers revealed that the length of
polar blocks could be controlled by changing reaction parameters. GPC analysis also
confirmed that the obtained graft copolymers maintained relatively narrow molecular
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weight distributions. Finally, f-butoxy ester groups o f PB-^-PffiA were hydrolyzed to
produce an amphiphilic copolymer PB-g-PAA that has a more polar carboxylic acid
block along the side chain o f polymer.
In summary, we synthesized a series o f controllable polar-block-grafted polyolefins
via combination o f the rhodium-catalyzed C -H borylation o f side chain and ATRP
without sacrificing molecular weight properties o f the polyolefin. This highly efficient
procedure for the preparation o f high molecular weight functionalized polyolefin and its
resulting graft copolymers can offer a convenient alternative way for synthesis o f a new
generation o f polyolefin-based materials.
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